The Ig-like cell adhesion molecule (IgCAM) BT-IgSF (brainand testis-specific Ig superfamily protein) plays a major role in male fertility in mice. However, the molecular mechanism by which BT-IgSF supports fertility is unclear. Here, we found that it is localized in Sertoli cells at the blood-testis barrier (BTB) and at the apical ectoplasmic specialization. The absence of BT-IgSF in Sertoli cells in both global and conditional mouse mutants (i.e. AMHCre and Rosa26CreERT2 lines) resulted in male infertility, atrophic testes with vacuolation, azoospermia, and spermatogenesis arrest. Although transcripts of junctional proteins such as connexin43, ZO-1, occludin, and claudin11 were up-regulated in the absence of BT-IgSF, the functional integrity of the BTB was impaired, as revealed by injection of a BTB-impermeable component into the testes under in vivo conditions. Disruption of the BTB coincided with mislocalization of connexin43, which was present throughout the seminiferous epithelium and not restricted to the BTB as in wild-type tissues, suggesting impaired cell-cell communication in the BT-IgSF-KO mice. Because EM images revealed a normal BTB structure between Sertoli cells in the BT-IgSF-KO mice, we conclude that infertility in these mice is most likely caused by a functionally impaired BTB. In summary, our results indicate that BT-IgSF is expressed at the BTB and is required for male fertility by supporting the functional integrity of the BTB.
BT-IgSF (brain-and testis-specific Ig superfamily protein, also termed IgSF11) is a transmembrane Ig-like cell adhesion molecule (IgCAM) 2 with a widespread tissue distribution that is preferentially expressed in brain and testis (1, 2) . BT-IgSF shares with coxsackievirus and adenovirus receptor (CAR), endothelial cell-selective adhesion molecule, and CLMP (CAR-like membrane protein) an identical overall domain organization with a membrane-distal V-type domain and a membrane-proximal C2-type domain (3) . Adhesion assays with heterologous cells demonstrated that BT-IgSF promotes homotypic binding between neighboring cells similar to its related proteins CAR or CLMP (4, 5) . BT-IgSF also contains a PDZ-binding motif at its C terminus to facilitate interactions with intracellular proteins including binding to PSD95 (6) . In the mouse brain, BT-IgSF is highly expressed in the mature dentate gyrus of the hippocampus, and knockdown experiments revealed that BT-IgSF is implicated in ␣-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)mediated synaptic transmission and plasticity (6) . For non-neuronal cells, a critical role for BT-IgSF in promoting the migration of melanophores and their precursors has been described in zebrafish and Neolamprologus meeli (4, 7) .
Despite strong expression of BT-IgSF transcripts in the testes, its function here is currently not well understood. In seminiferi tubuli of the testes, cell-cell interactions and extensive restructuring of cell-cell contacts mediated by number of proteins including IgCAMs are indispensable for the sperm maturation and maintenance of tissue homeostasis. With the help of mouse genetics, we uncovered a role of BT-IgSF in the retention of the blood-testis barrier, which is formed by cell-cell junctions of the Sertoli cells including tight, adherens, and gapjunctions and desmosomes (for review see Refs. 8 and 9) . Sertoli cells stretch from the basal site of the seminiferous epithelium to the lumen and divide the epithelium into two compartments. The BTB restricts blood contact to the basal side of the seminiferous epithelium and thereby protects meiotic germ cells and spermatids from autoimmune reactions and toxins. Alterations in the expression of proteins of the BTB, such as Claudin11, Occludin, ZO-2, and Cx43 can lead to severe defects in spermatogenesis, because deletion of these proteins causes infertility in mice (10 -15) .
The cascade of sperm generation also requires the Sertoli cells as nursing cells by creating an intimate contact between Sertoli and germ cells, by providing a suitable environment for germ cell differentiation, and by establishing a hormonal balance (16) . Spermatogonial stem cells and premeiotic spermatogonia that are located in the basal part of the testes differentiate into preleptotene and leptotene spermatocytes, which transverse through the BTB to the adluminal part where meiosis and the spermiogenesis occurs. The process of cell movement requires a dynamic disassembly and assembly of cell-cell junctions between Sertoli cells and between Sertoli and germ cells. There is another important cell-cell contact site between Sertoli and germ cells called the apical ectoplasmic specialization This work was supported by Max Delbrück Center grants. The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. This article contains Figs. S1 and S2. 1 To whom correspondence should be addressed. E-mail: rathjen@mdcberlin.de. 2 (ES). The ES is a testis-specific actin-based anchoring junction complex, composed of adherens junctions, focal adhesion complex, and tight junction proteins (17) . The structure of the ES surrounds the head of spermatids and is the only anchor for developing elongating and elongated spermatids (18) . In this study, we investigated the role of the IgCAM BT-IgSF in the murine testes. We showed that the IgCAM BT-IgSF is a novel component of the BTB that is essential for its functional integrity. The loss of BT-IgSF leads to infertility because of azoospermia caused by an impaired function of the BTB despite the fact that ZO-1, Occludin, and Cx43 transcripts were found to be up-regulated. Most importantly, Cx43 is mislocalized in the seminiferi tubuli of BT-IgSF knockouts, suggesting a disturbed cell-cell communication.
Results

BT-IgSF is expressed at the blood-testis barrier and apical ectoplasmic specialization: Loss of BT-IgSF leads to atrophic testes and male infertility
To study the localization of BT-IgSF in the testes, a polyclonal antibody to the extracellular region of mBT-IgSF was generated in rabbits. BT-IgSF was localized on the basal site of the seminiferi tubuli and associated with Sertoli cells close to its nucleus ( Fig. 1, A and B, arrowheads) . At the BTB, it co-localizes partly with connexin43 ( Fig. 1E ) and more extensively with ZO-1 ( Fig. 1F ). Furthermore, at the adluminal compartment at or around the acrosome of elongated spermatids (Fig. 1, A and B, arrows), co-localization with Espin was observed, indicating expression at the apical ectoplasmic specialization: an actinbased cell-cell anchoring junction (Fig. 1D ). The localization on the sperm is further supported by the presence of BT-IgSF staining in the ductules of the epididymis (Fig. 1C ). Even at higher magnifications ( Fig. S2D ), it remains unclear whether BT-IgSF protein is also expressed on germ cells because the thin cytoplasmic arms of Sertoli cells extend toward the lumen.
To elucidate the role of BT-IgSF in the testis, we initially analyzed a non-conditional BT-IgSF knock-out mouse (Fig. S1). We observed that the testis size of BT-IgSF knock-out mice was significantly reduced compared with wild-type and heterozygous animals (Fig. 1, G and H) , whereas other organs and the overall organization seem not to be affected. Breeding of BT-IgSF knock-out males to C57BL/6N wild-type females (five males with two females each) did not result in any offspring, although vaginal plugs were observed, indicating normal mating behavior but infertility. Heterozygous males and BT-IgSF knock-out females (nine females inspected) were fertile, suggesting that infertility is restricted to homozygous males.
In H&E-stained sections, atrophic testes with vacuolar degeneration of the semininferi tubuli ( Fig. 1I, asterisk) and Sertoli cell cytoplasmic extensions ( Fig. 1I, arrowhead) were observed in BT-IgSF-deficient mice. Diameter of BT-IgSF knock-out tubuli were significantly smaller (158.22 Ϯ 3.41 m) compared with wild-type tubuli (212.39 Ϯ 2.83 m) ( Fig. S2A ). No sperms were detected in the lumen of homozygous knockout animals ( Fig. 1I , enlarged image for details, blue arrow). In contrast, multinucleated cells at the luminal site were found ( Fig. 1I, arrow) .
Analysis of testis preparations, stained for DNA with DAPI, by flow cytometry showed that BT-IgSF-deficient testes lacked haploid cells with 1C DNA content ( Fig. 1J ). This observation further demonstrated that loss of BT-IgSF leads to azoospermia.
The loss of BT-IgSF leads to spermatogenic arrest after meiosis I
The lack of haploid cells in the seminiferi tubuli indicates an arrest in spermatogenesis and a disturbance of meiosis. To determine the exact stage of arrest, expression of genes transcribed during spermatogenesis were measured by qRT-PCR (19 -21) .
The expression of Piwil2 did not significantly differ between wild-type and BT-IgSF knock-out mice ( Fig. 2A ), suggesting that the number of stem cells are not changed in abundance. A slight tendency toward an increased stem cell amount in the knock-out was detected. However, the transcripts for germ cells in the mid-pachytene stage and late pachytene stages, HoxA4 and Cdc25c, respectively, were significantly reduced. In contrast, marker for the overall pachytene stage (Sycp3) and for meiotic cells in general (Dazl) were up-regulated, suggesting an increased cell number between the stem cell stage and the midpachytene stage. Transcripts for postmeiotic markers (Akap4 and Prm1), which are only expressed in haploid spermatids, were not detected at all in knock-out testes. These expression data also indicated a complete lack of spermatids and sperms.
Next, we investigated whether the changes in gene expression have an impact on meiosis I. Arrest in meiosis I is often caused by failed pairing of homologous chromosomes. To examine whether this pairing works out properly in BT-IgSF KO males, stainings with antibodies against SYCP3 or ␥H2AX were performed on testis sections. SYCP3 is a marker for the axial element of the synaptonemal complex from zygotene to pachytene stage during meiosis I, and phosphorylated H2AX (␥H2AX) is expressed from leptotene on and later marks the silenced sex body (meiotic sex chromosome inactivation) (22, 23) . Wild-type and knock-out testis show SYCP3 expression, although in slightly different patterns, which can be attributed to the disturbed testis morphology in BT-IgSF-deficient mice. In both genotypes ␥H2AX was co-expressed with SYCP3 at early pachytene, indicated by diffuse distribution (Fig. 2B, arrows) , as well as late pachytene, implied by a restricted expression at the inactivated X-chromosome ( Fig. 2B, arrowheads) . In the knock-out testes, all meiotic cells expressed ␥H2AX, indicating that all of these cells are in meiosis I. In meiosis II, which represents a mitosis, ␥H2AX is normally not expressed ( Fig. S2E ). Therefore, these results show that in BT-IgSF-deficient germ cells, meiosis I appears to be properly carried out and that the spermatogenic arrest most likely occurs after meiosis I.
Absence of BT-IgSF caused irregular arms of Sertoli cells but did not affect the hormonal balance
To assess implications of BT-IgSF absence on Sertoli cells, we analyzed the localization of intermediate filament vimentin in testis sections, which showed irregular and disturbed cytoplasmic arms of Sertoli cells in BT-IgSF knock-out mice (Fig. 3A) . However, the localization and the number of Sertoli cells, as detected by nuclear staining with Wilms tumor 1 (WT1), appears not to be affected (Fig. 3B ).
BT-IgSF is essential for male fertility in mice
Analysis of cell death by an antibody against active caspase-3 revealed a slight increase of positive cells in BT-IgSF knock-out, which, however, did not reach statistical significance. On the basis of their localization inside the tubuli and the presence of cytoplasmic arms, apoptotic cells in knock-out testes were considered as Sertoli cells (Fig. 3 , C and D).
Azoospermia caused by Sertoli cells might affect the hormonal hypothalamic-pituitary axis in BT-IgSF-deficient males. Therefore, the level of the luteinizing hormone (LH), the follicle-stimulating hormone (FSH), and testosterone in the blood of wild-type and BT-IgSF knock-out mice were measured by an ELISA-based technique. No significant differences in LH, FSH, and testosterone between genotypes were detected ( Fig. 3E) . Differences in the LH levels between knock-out individuals are probably due to episodically discontinuous pulses of LH, which have been previously described (24) . These findings indicate that a disturbed hormonal balance does not contribute to male infertility in BT-IgSF-deficient mice.
Loss of BT-IgSF resulted in severe disruption of the BTB and changed the expression of BTB proteins
The expression and its subcellular localization of BT-IgSF in Sertoli cells prompted us to analyze BTB integrity in BT-IgSF knock-out mice by injecting EZ-Link Sulfo-NHS-LC-Biotin, which is BTB-impermeable, into the testis in an in vivo situation (25) . The injected EZ-Link Sulfo-NHS-LC-Biotin was visualized after fixation with streptavidin-coupled Cy5 in cryostat sections. In wild-type testis, biotin staining outlined the basal spermatogonia but was not detectable in other cell layers (Fig.  4A ). In contrast, in BT-IgSF KO testis, the biotin signal was less sharp in the basal compartment and was additionally detected in other cell layers, indicating a disruption of the BTB.
The BTB consists of several cell-cell contact proteins forming tight junctions, gap junctions, and adherens junctions (for review see Refs. 9 and 26). Therefore, we analyzed the expression of mRNAs of proteins involved in the BTB by qRT-PCR and observed striking differences between wild-type and BT-IgSF knock-out testes. The tight junction transcripts Cldn11, Occludin, and ZO-1 were significantly up-regulated in knockout testes (Fig. 4B ). In immunofluorescence stainings of testis sections, ZO-1 protein appears slightly enhanced, and its localization appears less organized at the BTB in comparison with wild-type ( Fig. 4E ). Similarly to the tight junction proteins, the mRNA of Cx43, the most abundantly expressed gap junctional protein in testes, is also up-regulated in BT-IgSF knock-out testes (Fig. 4B ). This increase was also clearly detected in immunofluorescence stainings. Moreover and most interestingly, Cx43 was found to localize throughout the knock-out tubule and not to be restricted to the BTB, whereas in the wild-type Cx43 is sharply located at the basal site of the seminiferi tubuli at the BTB (Fig. 4F ). Furthermore, the phosphorylation status of Cx43 was increased in BT-IgSF-deficient testes (Fig. 4 , C and D), although with some variabilities.
In electron microscopy of testis sections, vacuolation ( Fig.  4G , red outlines), as well as the lack of sperm and a disorganization of the epithelium, was detected in BT-IgSF knockouts. However, no differences in the ultrastructure of the BTB of wild-type and knock-out testis was detected at this level ( Fig.  4G , arrowheads); all sections showed intact BTB structures including "new" and "old" BTBs behind and ahead of the pachytene spermatocytes, respectively, suggesting that BTB formation can occur in the absence of BT-IgSF but that its functionality is disturbed ( Fig. S2G ).
Sertoli cell-specific expression of BT-IgSF is essential for male fertility
To further substantiate that BT-IgSF expression in Sertoli cells is needed for proper testis morphology and fertility, we inactivated BT-IgSF by crossing a floxed BT-IgSF allele to AMH Cre to specifically knock-out the BT-IgSF gene in Sertoli cells only. In BT-IgSF flx/flx , AMH Cre males the exact same phenotype as in the global knock-out was observed. The animals showed reduced testis weight ( Fig. 5A ), together with atrophic morphology in seminiferous tubules ( Fig. 5B ) and azoospermia ( Fig. 5D ). Knock-out of BT-IgSF in Sertoli cells was proven by immunofluorescence stainings with antibodies to BT-IgSF ( Fig.  5C, arrowheads) . Interestingly, the stainings showed minimal residual BT-IgSF expression, but not in Sertoli cells. The results of the AMH-conditional knock-out support that the expression of BT-IgSF in Sertoli cells is essential for male fertility.
Loss of BT-IgSF in adulthood also affects spermatogenesis
To exclude overall developmental defects on the absence of BT-IgSF, we developed a conditional knock-out in which BT-IgSF can be depleted at any chosen stage by the administration of tamoxifen (BT-IgSF flx/flx ; Rosa26CreERT2). Inactivation of BT-IgSF in sexually mature males (8 -12 weeks old) by tamoxifen treatment at 5 consecutive days resulted in a testis weight Cx43 co-localizes partly with BT-IgSF. Arrow, specific expression at the basal side (please compare with staining of rabbit anti-Cx43 Fig. 4F ); arrowheads, unspecific staining of a band around the tubuli by the secondary goat anti-mouse A488 antibody (see also S2F); scale bar, 25 m. F, immunofluorescence staining of wild-type testis sections against BT-IgSF and mouse anti-ZO-1. Note the strong co-localization of BT-IgSF and ZO-1. Arrows, specific expression at the basal side (please compare with staining of rabbit anti-ZO-1 Fig. 4E) ; arrowheads, unspecific staining of a band around the tubuli by the secondary goat anti-mouse A488 antibody (see also S2F); scale bar, 20 m. G, BT-IgSF knock-out animals exhibit smaller testes. bl, bladder; e, epididymis; f, fat; p, penis; pg, preputial gland; sv, seminal vesicle; t, testis; scale bar, 5 mm. H, knock-out testes showed a significantly decreased wet weight compared with wild-type and heterozygous testes; p value Ͻ 0.001 (one-way analysis of variance with Bonferroni correction; WT animals, n ϭ 14; heterozygous animals, n ϭ 22; KO animals, n ϭ 30). The data are shown as means Ϯ S.D. I, H&E staining of methacrylate-sections show atrophic testes of BT-IgSF knock-out animals. Black arrow, multinucleated cells; arrowheads, Sertoli cell cytoplasmic extensions; asterisk, vacuolar degeneration; scale bar, 100 m. Insets shows the lack of sperms in KO animals at higher magnification (blue arrow). J, flow cytometric analysis of testis cells, stained with DAPI, shows the lack of haploid chromatin containing cells in BT-IgSF knockouts (red). 1c, haploid, 23 chromatids; 2c, haploid, 23 chromosomes; S, S phase; 4c, diploid, 46 chromosomes.
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that was significantly lower compared with vehicle treated animals (Fig. 6B) . In histological sections, vehicle-treated animals had normal testis morphology (Fig. 6A) , whereas tamoxifentreated animals showed testis with seminiferi tubuli resembling the morphology of BT-IgSF from non-conditional knockouts. They showed vacuolation, the lack of sperms and cytoplasmic extension of Sertoli cells (Fig. 6A ). However, a number of normal seminiferi tubuli were also detected.
Consistently, by flow cytometry we detected significantly less 1C (haploid, 23 chromatids) cells in tamoxifen-treated animals than in vehicle-treated controls. We measured a higher percentage of cells with 2C (haploid, 23 chromosomes) and 4C (diploid, 46 chromosomes), suggesting that more cells enter meiosis (Fig. 6, C and D) . The analysis of knock-out efficiency by qRT-PCR showed that the BT-IgSF at the mRNA level expression was reduced by ϳ50%, which is obviously not sufficient to maintain proper spermatogenesis (Fig. 6E ). In these conditional mutants Cx43 expression was up-regulated as observed in the non-conditional knock-out, which again was accompanied with localization throughout the tubule. The reduced expression of Prm1 again confirms the reduction of sperms (Fig. 6E, right panel) .
Discussion
Spermatogenesis depends on intensive cross-talks between germ and Sertoli cells and intact cell-cell contacts. The dis- Figure 2 . The lack of BT-IgSF leads to spermatogenic arrest. A, qRT-PCR analysis of meiotic genes from testis lysates of wild-type and BT-IgSF knock-out mice. Gene expression was normalized to Rplp0 and indicated as fold change to WT. Piwil2 was used as a marker for stem cells, HoxA4 and Cdc25c were used as markers for mid-pachytene stage and late pachytene stage, for overall pachytene stage SycP3 was used, for meiotic germ cells Dazl was used, and for the postmeiotic haploid stages Prm1 and Akap4 were used (n ϭ 4 per genotype). The data are shown as means Ϯ S.D. n.s., not significant; **, p Ͻ 0.01; ***, p Ͻ 0.001 (t test). The scheme illustrates the pattern of expression of genes investigated during germ maturation. B, immunofluorescence staining of cryosections against ␥H2AX and SYCP3. Arrows, leptotene stage; arrowheads, diplotene stage; scale bar, 20 m. 
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turbance of such cell junctions through the impairment of cellcell adhesion disrupts the BTB and leads to infertility. One paradigmatic group of cell adhesion proteins expressed in the testis is the CAR subgroup of IgCAMs comprising CAR, CLMP, and BT-IgSF (27, 28) . However, neither CAR nor CLMP have been found to be crucial for maintaining the integrity of the BTB or for male fertility (27, 29) , although CAR interacts with JAM-C, which is crucial for fertility (30) .
In this study, we showed that another member of the CAR subgroup, BT-IgSF, is also expressed at the BTB close to the Sertoli cell nucleus. The expression of BT-IgSF in Sertoli cells was further confirmed by a Sertoli-specific (AMH Cre ) knockout of BT-IgSF. AMH is only expressed in fetal Sertoli cells in males, enabling a Sertoli cell specific knock-out of BT-IgSF (31) . Furthermore, a co-localization of BT-IgSF with Espin, a marker for the ES, was observed.
Stainings with antibodies against BT-IgSF showed signals at the basal side at Sertoli cells but also at the membrane of cells located at the adluminal side. Whether this labeling is restricted to the cytoplasmic arms of Sertoli cells stretching to the lumen or is located at the membrane of germ cells cannot be definitely decided. However, there is strong evidence that BT-IgSF functions primarily in Sertoli cells. The BT-IgSF expression is strongest at the basal side at Sertoli cells. In the absence of BT-IgSF, we observed defects in the BTB, which is in vivo only constituted of cell junctions between Sertoli-Sertoli cells and not between Sertoli-germ cells or germ-germ cells (32) . Furthermore, the Sertoli cell-specific knock-out of BT-IgSF shows exact the same phenotype as in the global knock-out, leading to our conclusion that BT-IgSF is mainly important for proper Sertoli cell function. Whether BT-IgSF is also on germ cells might be determined by immunolabeled electron microscopy, ) . C and D, protein expression of Cx43. P0, unphosphorylated; P1 and P2, phosphorylated forms. Anti-pan-cadherin was used as a loading control. Three independent blots were analyzed that showed no significant differences between WT and KO (t test). The data are shown as means Ϯ S.D. E, immunofluorescence staining against ZO-1, a tight junction protein of the BTB; note the slightly less organized localization of ZO-1 in knock-out testis. Scale bar, 50 m. F, immunofluorescence staining against Cx43, a gap junction protein of the BTB; note the diffuse localization of Cx43 in knock-out testis. Scale bar, 20 m. G, electron microscopy of adult testis. At higher magnifications, no differences between WT and KO were observed in the basal ES, typified by the actin filament bundles (blue arrowheads) sandwiched between cisternae of the endoplasmic reticulum (green arrowheads) and the plasma membranes of two Sertoli cells, tight junction (white arrowheads) co-existing with the basal ES. Red outlines, vacuoles; S, Sertoli cells; scale bars, 10 m for left panel (WT and KO) and 500 nm for right panel (WT and KO). 
for which, however, appropriate antibodies are currently not available.
Loss of BT-IgSF leads to atrophic testes, an arrest of spermatogenesis and male infertility. The testis size of BT-IgSF knock-out mice is drastically reduced compared with control mice which is due to a lack of sperms and spermatids, vacuolation, and misorganized cytoplasmic arms of Sertoli cells. Identical results were obtained with a Sertoli cell-specific knockout of BT-IgSF (AMH Cre ). These males also exhibit smaller testis with no haploid spermatids and are infertile, confirming that the expression of BT-IgSF in Sertoli cells is essential for male fertility in mice. A similar phenotype was also observed in other mutants like the TAp73 knock-out mouse (33) . Analyses of meiosis I-specific genes and immunofluorescence stainings against SYCP3 and ␥H2AX did not show major changes at meiosis I in the absence of BT-IgSF. Quantitative PCR of meiosisrelated genes demonstrated a normal meiosis I from leptotene to diplotene. Consistently, secondary spermatocytes with the chromosomal status of 2C and 1n (haploid chromosome set) were present, whereas no 1C-containing cells, sperm, and sper- matids were detected in BT-IgSF knock-out males (Fig. 1H ). Furthermore we observed that all meiotic cells are positive for ␥H2AX, indicating that no cell enters meiosis II. Therefore, spermatogenesis arrest must occur after meiosis I. However, the investigation of meiosis II is complicated because of its strong similarity to mitosis. Further studies might clarify whether meiosis II is initiated all.
We showed that the arrest is probably due to an impaired BTB accompanying with changes in the localization of BTB proteins. In the in vivo biotin assay, the biotin tracer was detected inside the seminiferi tubuli, indicative for a defect BTB. Transcripts of the major tight junction and gap junction proteins of the BTB like ZO-1, Occludin, and Cx43 were upregulated in BT-IgSF knock-out testes, and importantly, a mislocalization of Cx43 and ZO-1 was observed in the Sertoli cells. However, Sertoli cell-Sertoli cell junctions were unaffected when examined by electron microscopy.
Normally, Cx43 is predominantly expressed in Sertoli cells at the BTB. In contrast to wild-type, BT-IgSF knock-out animals exhibit a disturbed CX43 expression pattern. Cx43 is not only expressed at the basal BTB barrier but is irregularly distributed and also found in adluminal compartments. Similar findings were also detected in Fads2 (fatty acid desaturase 2) knock-out mice (34) . The loss of FADS2 leads to smaller testes; to mislocalization of several BTB proteins like Cx43, Occludin, and ZO-1; and to a disrupted BTB, as observed in the BT-IgSF mutant mice. Cx43 is the predominant connexin in the testis, and its importance for male fertility has been shown by several studies. The global knock-out of Cx43 leads to death soon after birth because of heart defects. Also at early developmental stages Cx43 has an impact on fertility. From embryonic day 11.5 on, the testes of Cx43 knockouts are smaller compared with wild-type testes, which is mainly due to germ cell deficiency (35, 36) . To study the function of Cx43 in adult males, a Sertoli cell-specific Cx43 knock-out was analyzed (13) . Sertoli cells exhibited vacuolation and an arrest of spermatogenesis at spermatogonia, leading to male infertility. In electron microscopic images, no changes were detected in the BTB, but these knockout animals revealed an overexpression of BTB proteins, and their localization in the tubuli was more diffuse (37); these findings are similar to the phenotype described here for BT-IgSF.
A number of studies have shown that knock-out of BTB proteins including Claudin11, ZO-2, and Occludin lead to infertility (10 -12, 38) . The phenotypes are very similar to those observed in BT-IgSF knock-out males. Claudin11 knock-out males have smaller testes, no spermatids, and Sertoli cell aggregates, and apoptosis of germ cells occurs (38) . The BT-IgSF knock-out also showed smaller testes, no spermatids, and multinucleated cell aggregates in the lumen. However, no significant increase in apoptosis could be shown for BT-IgSFdeficient males. ZO-2 knock-out males have an impaired BTB, and Occludin knockouts revealed an atrophic testis in old males. The defects in the BTB of Occludin knock-out males are comparable with the impaired BTB of BT-IgSF-deficient animals. Taken together, the cell adhesion molecule BT-IgSF is expressed at the BTB and is important for its integrity.
Whether the increase in expression of the BTB proteins Cx43, ZO-1, Occludin, and Claudin11 is due to a direct effect of BT-IgSF loss or just a compensation of the loss of one cell adhesion molecule remains to be determined. It is also interesting to determine whether the loss of BT-IgSF directly leads to an impaired BTB or whether altered gap junction activity is the major reason for an impaired BTB. Cx43 phosphorylation is important to regulate gap junction function and the localization of Cx43 molecules (39) . We observed a tendency to an increased Cx43 phosphorylation that might change the gap junction position and activity.
Interestingly, it is known that ZO-1 interacts with Cx43 through the second PDZ domain of ZO-1 (40) . An interaction between ZO-1 and BT-IgSF is conceivable because a strong co-localization was detected (Fig. 1F) . Also, a co-localization of BT-IgSF and Cx43 was observed, enabling a close proximity and a possible indirect interaction through ZO-1. Furthermore, an interaction of ZO-1 with the cytoplasmic segments of the closely related cell adhesion proteins CLMP and CAR have been published (27, 41, 42) . Therefore, it seems reasonable to conclude that also BT-IgSF with its C-terminal located PDZ-binding motif interacts with one of the PDZ domains of ZO-1 and therefore also indirectly with Cx43. With this, a complex between BT-IgSF, ZO-1, and Cx43 might be formed in Sertoli cells.
It is of note that changes in Cx43 expression also lead to infertility in humans. In patients with secretory azoospermia Cx43 expression was shown to be reduced (43) .
Because in the absence of BT-IgSF the ultrastructure of the BTB appears normal in electron microscopic images, we conclude that BT-IgSF might be essential for a functional BTB and appears to interfere with barrier dynamics including the localization of connexin43 and the expression of junctional proteins. It would be of interest to analyze whether also BT-IgSF expression is changed in patients with azoospermia, especially in patients with a spermatogenic arrest at the level of secondary spermatocytes. Further investigations on the mechanistic regulation of BT-IgSF might help to better understand unknown causes of human male infertility.
Experimental procedures
Mouse strains
The B6-Igsf11 tm1e(KOMP)Wtsi mouse strain used for this research project was generated from targeted ES Cells (JM8.N4) obtained from the Knock-Out Mouse Project (KOMP) Repository (clone EPD0297_2_B07). ES cells were injected into C57BL/6N blastocysts at the transgenic core facility of the Max Delbrück Center. Founders were crossed with C57BL/6N. To remove the neo cassette, mice were bread to 129S1-Hprt tm1(cre)Mnn mice (44) and further backcrossed with C57/Bl6. Correct insertion of the construct was tested with a 5Ј probe amplified with the primers 5Ј-GGGGGATCCAGGTTT-GCAGTGAGGAGAATCA-3Ј and 5Ј-GGACGTCAGAAAC-AGTCAAGACAGCGGG-3Ј. Absence of BT-IgSF protein was tested by immunofluorescence stainings and Western blotting (Fig. S1 ). The resulting animals are termed BT-IgSF KO mice in this study.
For the BT-IgSF flx mice (B6-Igsf11 tm1a(KOMP)Wtsi/Fgr ), sperm for the in vitro fertilization was derived from mice generated by KOMP Repository and the Mouse Biology Program at the Univer-BT-IgSF is essential for male fertility in mice sity California Davis with ES from the Welcome Trust Sanger Institute (clone EPD0297_2_A07). The IVF was done by the transgenic core facility of the Max Delbrück Center. The resulting mice were crossed to Tg(ACTFLPe)9205Dym (45) , to remove the trapping cassette, and to obtain a conditional allele. These animals are called BT-IgSF flx (B6-Igsf11 tm1c(KOMP)Wtsi/Fgr ).
To obtain a Sertoli cell-specific BT-IgSF knock-out, BT-IgSF flx/flx mice were bred to B6-Tg(Amh-cre)8815Reb/J mice (National Institute for Agronomic Research) (30) . The mice are designated AMH-conditional KO (BT-IgSF flx/flx ; AMH Cre ).
To obtain a conditional, tamoxifen-inducible BT-IgSF knock-out mouse, a Rosa26 CreERT2 mouse line (B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J, Jackson Stock 008463) was crossed to BT-IgSF flx mice, resulting in animals called BT-IgSF flx/flx ; Rosa26 CreERT2 . Tamoxifen treatments were performed at an age of 8 -12 weeks with 1.5 mg of tamoxifen (Sigma; T5638) dissolved in corn oil (Sigma; C8267) on 5 consecutive days i.p. Controls were treated with corn oil (vehicle) only. The experiment was terminated 10 weeks after the first tamoxifen administration.
The animals were housed on a 12/12-h light/dark cycle with free access to food and water. The animal procedures were performed according to the guidelines from directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. All experiments were approved by the local authorities of Berlin (LaGeSO) (numbers T0313/97, X 9007/16, O 0038/08, G 0188/16, S0032/03, 0143/07, and H0237/04). The mice investigated were 8 -12 weeks old. Littermates served as controls.
Genotyping
Genotyping was performed by PCR amplification of genomic DNA isolated from tail or ear punches. For the BT-IgSF KO animals, primers P1 (5Ј-ACATGCACAGGAAGGTCCTC-3Ј) and P2 (5Ј-TCATTCGAGCAATGCCTTTT-3Ј) result in a fragment of 197 bp in the wild-type condition and primer P1 and P3 (5Ј-CTTCTGATGAGGTGGTCCCA-3Ј) in a fragment of 343 bp in the knock-out condition. The floxed allele of the BT-IgSF flx/flx mouse was genotyped by primer P1 and P2, which will lead to fragments of 197 bp in the wild-type and of 379 bp in the floxed condition, respectively. The presence of the Cre allele was tested with the primers P4 (5Ј-GAACGCACT-GATTTCGACCA-3Ј) and P5 (5Ј-AACCAGCGTTTTCGTT-CTGC-3Ј) and will result in a fragment of 200 bp.
Flow cytometry
50 mg of decapsulated testis were minced in a solution containing 0.1 M citric acid and 0.5% Tween 20 and stained with 1.75 g/ml DAPI. The filtered cell suspension was measured and analyzed on a Canto II (BD Biosciences). The data were analyzed with FlowJo Software (Treestar).
Histology, testis weight, immunohistochemistry, and generation of anti-BT-IgSF
For H&E stainings and immunofluorescence stainings, transcardial perfusion with 4% PFA in PBS was performed. Testes were postfixed for H&E stainings overnight at 4°C with 4% PFA in PBS. For immunofluorescence staining against active caspase-3, only 1% PFA in PBS was used as fixative. Gross morphology analysis of testes was performed on 5-m methacrylate slices (Technovit 7100) stained with H&E. Body weight and wet testis weight were measured directly after sacrificing the mice. Rb95 to mouse BT-IgSF was generated by injecting five times of 50 g of a fusion protein composed of the extracellular part of mBT-IgSF (amino acid residues 23-239, LEV . . . PRS) fused to the Fc fragment of human IgG1 supplemented with Freund's adjuvant into rabbits at fortnightly intervals. Rb113 was generated using the same protocol and the same fusion protein; however, it was denatured in 20% SDS and 20 mM DTT as immunogen as used for the production of Rb95 (see above). The IgG fractions were purified by protein A (GE Healthcare) affinity chromatography.
Antibody stainings were performed on 16-m paraformaldehyde-fixed cryosections. The following primary and fluorophore-conjugated secondary antibodies were applied: rabbit anti-BT-IgSF Rb95 (1 g/ml), rabbit anti-vimentin (abcam, 92547, 1:300), rabbit anti-WT1 (abcam, ab15249, 1:300), rabbit anti-Cx43 (Cell Signaling, 3512, 1:100), mouse anti-Cx43 (B&D, 610061, 1:250), mouse anti-ZO-1 (Invitrogen, 339100, 5 g/ml), rabbit anti-ZO-1 (Invitrogen, 40-2200, 1:100), rabbit anti-ZO-2 (Cell Signaling, 2847S, 1:50), rabbit anti-SYCP3 (abcam, 15093, 1:500), mouse anti-␥H2AX (Novus Biologicals, NB100 -74435, 3 g/ml), and mouse anti-Espin (B&D, 611656, 1:200). Secondary antibodies were used at 1:800 and DAPI at 1 g/ml. Goat anti-rabbit Cy3 (Jackson ImmunoResearch, 111-165-144), goat anti-rabbit A488 (Invitrogen, A11034), goat anti-mouse A488 (Invitrogen, A11029). For WT1 staining an antigen-retrieval protocol with citrate buffer (10 mM sodium citrate buffer, 0.05% Tween 20, pH 6.0) was performed. Blocking was done at room temperature for 1 h with 3% goat serum, 1% BSA in PBS with 0.1% Triton X-100. Primary antibodies were incubated overnight at 4°C, and secondary antibodies were incubated at room temperature for 2 h.
Microscopic images were obtained at room temperature by confocal imaging using a Carl Zeiss LSM 700 laser scanning microscope equipped with ZEN 2011 software and the following lenses: a Plan-Neofluar 20ϫ/0.30 NA objective or a Plan-Achromat 63ϫ/1.40 NA oil objective (all from Carl Zeiss MicroImaging, GmbH). Images were imported into Photoshop CS5 (Adobe) for uniform adjustment of contrast and brightness. The figures were assembled using Illustrator CS5 (Adobe).
Western blotting
Testes were decapsulated and homogenized, and membranes were enriched by centrifugation followed by stripping off peripheral proteins in 0.1 M diethylamine at pH 11.5. For Western blotting, the following antibodies were used: Rb113 (0.75 g/ml), rabbit anti-Cx43 (Cell Signaling 3512, 1:1000), and, as a loading control, rabbit anti-pan-Cadherin (Sigma, C3678, 1:1000). Analyses of three independent blots were done with Quantity One (Bio-Rad).
Apoptosis
Apoptosis analysis was done on 15-m cryosections stained against active caspase-3 (Promega, G7481, 1:400). Positive cells per BT-IgSF is essential for male fertility in mice tubuli were counted (40 -50 tubuli per section, n ϭ 4 per genotype).
qRT-PCR
Total RNA was isolated from decapsulated testis using the RNeasy mini kit (Qiagen), including an on-column DNase I digestion. RNA yield was measured by Nanodrop 1000 (Nanodrop). RNA was transcribed by SuperScript II (Invitrogen) using oligo(dT) primers. The quantitative real-time PCR was performed on a 7500 fast real-time PCR system (Applied Biosystems) with GoTaq quantitative PCR Master Mix (Promega). Rplp0 was used as a housekeeping gene. Technical triplicates were performed with n ϭ 4 testes per genotype. Applied primers are listed in Table 1 .
Biotin in vivo assay
The biotin in vivo assay was used to examine the integrity of the blood-testis barrier (25) . 50 l of 10 mg/ml EZ-Link Sulfo-NHS-LC-Biotin (Pierce) freshly diluted in PBS containing 1 mM CaCl 2 was injected per testis of anesthetized mice. The neighboring testis was injected with 50 l of 1 mM CaCl 2 in PBS and served as a control. After 30 min, the animals were euthanized, and their testes were immediately frozen. Cryosections were stained with Strep-Cy5 (1:600) and 1 g/ml DAPI. BT-IgSF is essential for male fertility in mice
